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ABSTRACT

The GRANDE experiment is a unique “next-generation” detector capable of making sig-
nificant contributions to the fields of v and y-ray astrophysics as well as performing im-
portant “conventional” high-energy physics investigations. The detector, which covers an
area of 250 m x 250 m, is basea on the well proven water (lerenkov technique. [t will have
excellent coverage for potential sources of v emission in the southern hemisphere and of
VHE and UHE sources in the northern hemisphere. For VHE and UHE showers, the low
threshold (<10 TeV} and complete coverage for all three shower comnponents (electromag-
netic, muonic, and hadronic), are unique. Excellent angular resolution, < 1° for v’s ard
<0.3° for y-rays, large ncceptance, good energy resolution, and wide energy sensitir ity will
permit detailed studies of the observed signals enabling & quantitative confrontation with
theoretical predictions. The detector and some of its physics capabilities will be described.

* Presented at the 14" Texas Symposinn on Relativistic Astrophysics, Dallas, (Dec., 198R).



There has heen great excitement recently in the field of high-energy astrophysics. At
both VHE (100 GeV-10 TeV) and UHE (100 TeV-10 PeV) energies, y-rays have heen
observed from several sources including ('vgnus X-3 and, most recently, Hercules X-1.1]
In particular, the detection of Hercules X-1 provides the most compelling evidence to
date for the existence of sources as well as of new particle physics at UHE energies; the
source was detected independently by three groups and an anomalously large number of
muons accompany the air showers detected from the source. It seems that x-ray binary
scurces provide a unique environment for the acceleration of particles to extremely high
energies. Yet, there remains several unsolved questions about these sources, including
7-ray production at the source and its interaction in the atmosphere. The accelaration
mechanisin at the source is unknown, although it is spaculated that the x-ray binary
accelerates hadrons which interact with a “beam-dump” to produce neutral pions which
then decay into photons. Perhaps the only truly convincing evidence of this process would
he the detection of the high energy v's which must accompany the photons if they are
produced in this way. Correlated observations of both v's and y-rays from the same or
similar sources would also aid in understanding the acceleration mechanism. The number
of muons in the air-showers from these sources, expected to he more than an order of
magnitude less than in hadronic air-showers, seems to be comparable to that in hadronic
air-showers. This implies the presence of new physics beyond the standa:d model of
particle physics. T'rudely speaking, the anomalous number of muons could be due to
either + new interaction of a known particle or an as-yet-undetected new particle. If it is
a new interaction of a known particle, then, helow soine threshold energy, that interaction
must “turn-off” and the particle must interact normaily; therefore, helow the threshold
ensrgy the muon content of the air-showers should appear norimal. Conversely, if it is
a new particle, the muon content should remain abnormal at low energies. Further the
presence or absence of a hadronic core in the shower will lend an important clue ahout the
particle physics responsible for the anomalous muons. Future sclutions to these puzzles
will require detectors with new and unique capabilities.

The GRANDE (Gamma Ray And Neutrino DEtector) facility is a dual purpose
experiment designed to help solve some of these puzzles. [t will search for hoth VHE-
U'HE y-ray and high-energy v sources and is based on the well developed waior Cerenkov
technique. The conceptual design of the detector is shown in Figure 1. [t covers an area
of 260 m x 250 m and consists of two semi-independent detectors: the y-ray teiescope and
the v telescope. The Air Shower Array (ASA) pi rt of the detector consists of two optically
isolated planes of upward facing photomultiplier tubes (PMTs) spaced on a 6 1 lattice,
the top plane to detect the electromagnetic and hadronic components of the air shower and
the lower plane to detect the muonic component. The Neutrino Telsacope (TN'T) part of
the facility consists of three downward-facing optically isolatecd planes of PMTs, with the
same Iattice spacing, used to reconstruct the direction and energy of upward-going muons
induced by v's below the detector. A hriel deacription of the function and performance of
each detector follows; moere details can be found in {2].

As mentioned, the ASA is composed of two layers of PM s, their function shown
schematically in Figure 2 The top layer of PM'Ta, located 10 m below the surface of the
water, also known as the "shower calorimeter” [nyer, serven two purposes; it permits the
determination of the direction and energy of the shower, and the identification of hadrons
in the shower Each particie in the shower that strikes the water produces Cerenkov light
which 11 detected by the PMTs; the amount of Cerenkov light produced depends on the

particle's energy, mass, and on the Cerenkov threshold. The Cerenkov equivalent energy,
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Figure 1. Schematic of GRANDE showing dimensions of the detector. The circles repre-
sent the lc~ations of PMTs.
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Figure 2: Schematic of EAS in GRANDFE showing the function of the shower and muon

Inyers (dark circles). The lines radiating from the shower particlea represent the Cerenkov
light produced in the water
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Figure 3: Differential spectrum of detected events assuming two hypothetical differential
source spectral indices,

or “visible energy,” E., of a pnrticle is defined as the energy an electron would need in
order to produce the same amount of light. With this definition, the following relaticns
hold:

F.= E for electrons (by definition)

E.= E for gainmas

E.~ E - 200 MeV for muons

E.~ E/2 for high-ene~gy hadrons (> 10 GeV)

In the CRANDE configuration, ahout 1 photoelectron is produced for every 126 MeV of
visible energy. In this way, the energy deposited in the shower calori:neter layer can he
determined.

Since GRANDE ineasures the total energy content of the shower, and not just a small
fraction of the nuinber of charged particles it is able to operate at a much lower thresh-
old (about 10 TeV) than can conventional air shower experiments. Figure 3 shows the
differential number of events detected by GRANDE for two hypothetical source spectra.
('learly, GRANDE will be quite sensitive to showers extending to primnary energies as jow
as 5 TeV.

The direction of the shower is detarmined from the timing pattern of the detected
Cerenkov light. For example, the resolution, defined as the mean of the angular difference
distribution, is found to be about 0.3° for low energy (~10 TeV) y-ray primaries obhaerved
at sea level. Far sources of showers which contain an anomalous number of muons, the
PMT hits in the muon layer can also be used to make an independent determination of
the air shower Jirection, thus improving the angular resolution.

This brings up an interesting possibility for examining such sources which has yet to
he studied in detnil. When a source which produces these siiowers is low on the horizon,
the low rnergy nir showers will not penetrate the atinosphere to reach the detector. Nev
ertheless, the muons produced in the air shower will reach the detector and can trigger
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Figure 4: The fraction of events with a hadron remaining in the shower as a function
of proton primary energy. Also shown is the identification probabilitv for those hadrons
using the sim; scheme described! 1 the text.

it. This technique should allow more detector exposure to such low-energy showers and
thereby increase the chance of detecting sources, especially those that burst or never pass
near zenith.

T ¢ mechanism of the anomalous muon production in air-showers is completely un-
known. An important clue to this mechsnisin would be the existence or ahsence of asso-
ciated hazrons. For example, if the muon production is due to a primary which interacts
sirongly, then the leading hadronic secondary should reach the ground. To study this
possibility and the detectability of hadrons in the presence of an air-shower, it is assunied
that the primnary interacts exactly like a proton. Figure 4 shows the fraction of showers
which still contain a hadron as a functior of primary energy. A simpie technique has heen
developed which is based on the expectation that a high-energy hadron remaining in the
air-shower as it strikes the gronnd will cause a shiower in the water; the hadron will deposit
more energy than normally expected and can then he detected as a local “hot spot™ at the
shower core. For showers landing on GRANDE, the probability of identifying the hadron
in the shower is alsc shown in the figure. Thus, as expected, GRANDE will »ct as a situple
hadronic calorimeter and will be able to search for hadrons accompanying the muons in
air-showers providing an important clue as to the nature of the primary particle.

The second layer which coniposea the ASA portion of GRANDE lies 20 i helow the
surface of the water and is used to detect muons. It has been traditionally thoughs
that muons would provide a discrimination factor hetween air-showers induced hy y ray
primaries and hadronic primmaries. If this is the case, then the capabilities of GRANDF,
for rejecting hadronic background is unprecadented  For exatmple, for primary energies
100 TeV, the rejection factor for hadronic prunaries is at lenst 10,000 with no loss of y-ray
events. Instead, if a sonrce sich as Hercules X 1 ts known to have events with anonialous

muon content, those muons can be studied in great detail; their number distribution can



Neutring - Induced cosmic-Ray
Up-going Muon Down- going Myon

Figure 5: Schematic of downward- (cosmic ray) and upward-going (neutrino induced)
muons passing through the neutrino portion of GRANDE. As shov'n, the downward-going
muon illuminates very few PMTs while the upward-going one illuminate s many; the dif-
ference in timing pattern between the two is also useful in determining up from down.

be accurately determined and their lateral distribution can be studied.

From this it can be concluded that the capabilities of the water-Cerenkov technique
applied as an air-shower array yields su-erior performance over traditional scintillator
based arrays. The design of GRANDE gives an angular resolution for a variety of event
types of ~0.3° . The capabiiity of GRANDE for reconstructing air shower directions is
about a factor of J hetter than any existing array (giving nearly 10 times better signal
to noise) and about a factor of 2 better than any other planned array. In addition, the
capabilities of GRANDE for detecting and studyiiig the hadronic and muonic components
of air-showers from VHE-UHE sources are unmatched in any other detector, either planned
or proposed.

The neutrino portion of GRANDE is composed of three layers of downward facing
PMTs. Figure 5 illustrates the principle allowing operation of TNT at the earths surface.
A muon resulting from a neutrino interaction in the rock below the detector penetrates
the bottom layer, producing a multi-tube coincidence. The muon continues through the
second and third layers at later times. A neutrino event is signaled by observing the
coincident sequence of three plane triggers. A variety of processes (for example, light
scattering) allow a downward-going muon to occasionally produce PMT hits on the TNT
portion of GRANDE. Detailed simulations of the downward going muon flux, including
correlated muons in large showers, resulted in a trigger rate using this vimple scheme of
about 60 sec "'. If we require the individual PMTs to have more than a few photoelectrons,
we substantially reduce this rate since a downward muon usually produces only about 1
photoelectron in each PMT while an upward one produces several. Since most of the
background events that trigger TN'T are due to large showers of muons cause:’d by VHE
cosmic rays, these events will additionally have triggered and heen recorded by the ASA.
In this way, the ASA functions as an active veto for the TN'T portion of GRANDE and
most of the events that trigger the 'INT are of interest to the ASA.
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Figure 6: Integral [raction of muons within an angle 4 of the initial neutrino direction for
two hypothetical differential power law source spectral indices; y = 2.3 (solid line) and
7 = 3 0 (dashed line).

Of course, there is an unreducible background to astrophysical neutrino sources due
to neutrinos procuced in the atmosphere caused by the decay of secondaries in cosmic
ray showers. This background is essentially isotropic with respect to any source and
therefore is discriminated against by having good angular resolution. There is, however,
an inherent minimwn resolution caused by both the angular deviation in the neutrino
interaction and the muon scattering in the rock on the way to the detector. Figure 6
shows the distribution of the angle between the original neutrino direction and the muon
v's direction when the muon strikes the detector; the integral distribution is shown for
two hypothetical differentiel power law source spectra with spectral index 2.3 and 3.0.
From this figure, it can be concluded that a determination of the muon direction with a
precision much better than 1° is unnecessary.

'The design of the TNT portion of GRANDE was made with this in mind; the goal was
a design that would give a muon angular resolution of better than 1° . The final result is
an average resolution of 0.8° . This resolution is nearly independent of the zenith angle
and the entry point on the bottom plane of the detector.

The irreducible atniospheric neutrino background in GRANDE is calculated assuming
an initial muon neutrino and antineutrino spectrum and the standard parton model of
neutrino scattering. The resultant muons are propagated through the fock surrounding
the detector including all of the relevant energy loss mechanisms and multiple Coulomb
scattering. A total of one year of live time was simulated yielding 4750 events (13 per
day) from atmospheric neutrinos. As an exainple, a 3° cut around the direction of Vela
X-1 would yield a background rate of S 6 events per year.

[n fact, given the right circuinstances, the “irreducible” atmospheric neutrinc back-
ground is not really irreducible. [t has been clear for a long time that, since the atmo-
spheric neutrino background tends to have a much softer spectrum than that expected



from a neutrino source, the signal-to-noise ratio increases with increasing neutrino energ-.
Thus, it would be beneficial to be able to identify relatively high-energy neutrino inter-
actions. Further, isolation of a subset of the total atmospheric neutrino flux due to very
high energy neutrinos would allow study of the weak interaction at high energies.

GRANDE will be able to isolate high-energy muons using the increase in Cerenkov
light output because of the rapid rise in muon energy loss due to bremsstrahlung and pair
production at E ~ 1 TeV. To examine the energy discrimination of the detector, muons
of varying energies (100 GeV - 10 TeV) entering GRANDE were simulated. A simple
cut on the observed number of photoelectrons in a neutrino event will allow separation of
those due to VHE v interactions. For example, a cut requiring Npe > 200 removes about
97% of the atmospheric background while leaving about 50% of the signal. From this it
can be seen that GRANDE is capable of achieving a high “threshold,” long claimed to
be a necessity in searching for astrophysical neutrinos, without sacrificing lower energy
neutrino events.

Another intreaguing possible source of high-energy neutrinos is the sun. The existence
of a particle known as a WIMP (Weakly Interacting Massive Particle) was postulated to
help explain the “missing matter” or “dark matter” that must exist in our galaxy. This
particle is thought to be one of a variety of new particles speculated to exist but not
yet observed. Given the right elastic scattering cross section, they may interact with the
sun, become gravitationally bound, and accumn:ate near the solar core. If these WIMPs
are elementary, they must have been produced in the early universe in equal abundances
of particle and antiparticle; particle-antiparticle annihilations in the sun would produce
lepton pairs which then could produce neutrinos. The sensitivity of GRANDE to this
process has been calculated in detail, including fragmentation effects and effects of the
solar interior.[3] Since the branching ratio of WIMP annihilation is model dependent, the
sensitivity is taken to be the annihilation rate divided by the final state branching ratio
assuming each final state is responsible for 10 events per year in GRANDE; the results
are shown in Figure 7. The atmospheric background is expected to be about 4 events
per year. A simple mo-el[4] which assuines the WIMP to be a supersymmetric photino
yields an annihilation rate of 5x107%Qc34/M where 1 is the relic WIMP density relative
to closure density and o3 is the WIMP-nucleca elastic scattering cross section ir units of
10~%cm? and M is the WIMP 1nass in units of 100 GeV. Clearly, GRANDE will provide
excellent sensitivity for such processes in the sun.

In conclusion, in evaluating the capabilities of a water Cerenkov detector such as
GRANDE, we have demonstrated several important points:

1. Neutrino astronomy is feasible at the earth’s surface-it is unnecessary to go under-
ground or underwater.

2. The water Cerenkov technique has excellent prospects and is perhaps the first new
technique for gamma-ray astronomy in decades.

3. GRANDE can be built in just a few years-there are no new techniques or technologies
required,

The size of GRANDE is the next reasonable step up for neutrino detertion from current
underground detectors and is large enough to be very sensitive for gamma-ray studies.
(onversely, because of the low fluxes expected from these scirres, neutrino astronomy,
as well a3 gaiuna-ray astronomy, requires such a large sice Ustector. Detection of astro-
physical sources of gatuna-rays and neutrinos will provide unique information potentially
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Figure 7: Sensitivity of GRANDE to WIMP annihilation in the sun as a function of the
WIMP mass.

allowing us to understand the nature of the sources as well as the nature of gamma-rays
and neutrinos themselves.

References

[1] B.L. Dingus, et al., Phys. Rev. Lett. 81, 1906(1988); R.C. Lamb, et al., Asirophys. J.
328, L13(1988); L.K. Resvanis, et al., Astrophys. J. 328, L9(1988); and contributions
to these proceedings by T.J. Haines, et al.and T.C. Weekes, et al..

(2] C.B. Bratton, et al., GRANDE proposal; T.J. Haines, et al., Proc. of the 6t Int’l.
School on Cosmic Ray Astrophysics, NATO ASI Series, M. Shapiro aad J. Wefel, eds,
Erice, Italy, (April, 1988).

[3] S. Rits and D. Seckel, CERN-TH.4627, SCIPP-87/99, Sept. '987.

(4] K.A. Olive, Proc. of the Sixth Workshop on Grand Unification, S. Rudas and T.F.
Walsh, eds., Minneapolis, (April, 1985).

DISCLAIMER

Vhis report wais prepared as an acconnt ol wark spomsored by an agency of the United States
Ganernment Nether the Uinted States Government nor any genes thereot. nor any ol 1hen
cmplovees, mikes any warranty. express or amphed, o assumcs ay legal bty or tespons
Wil tor the accuracy, completeness, or uselulness o any lormation, appatatus, product, or
process dinclosed, or reprecents that 1ts wse would not ifrmge prnvatecy owned nghts Reder
cnce heremn 1o ALY '-|l‘(||l\ llllllll|l'|\|.|| |I|Il|ll\|, PIARCSS, ol sl by Lrade nathg, ll-ll’(‘lllill'\.
manubicturer. or atherwise does ol necessanly constitute or amply 11y endonement, recem
mendat one or favortng by the Umited States Govermment or iy agency thereot The vieas
and opions of authors expressed herem do got necessanly tate o reflect those of the
Uinnted States Government or any apency thereal



